This paper presents a design of a 'VDF/TrFE copolymer-on-silicon pyroelectric sensor. For an optimal design of a VDFSTrFE-on-silicon pyroelectric sensor, the onedimensional diffusion equation is solved for the pyroelectric multilayer structure. The output current of the sensor is calculated. Improvement. of the sensor can be obtained by : (a) etching the silicon substrate under the sensor element, and (b) an additional VDF/TrFE copolymer layer as thermal isolation. Different noise sources for a pyroelectric sensor have been calculated. The dielectric noise dominates the noise sources. This conclusion has been verified by measured values.
Introduction
Earlier, it has been suggested that the thinner the pyroelectric material, the better the voltage sensitivity of the detector [I] . A 1 pm VDF/TrFE copolymer can be made by a spin coating technique. The pyroelectric properties of such ai 1 km VDF/TrFE copolymer film are not essentially different from those of the thicker films [2]. Thin films offer the added advantage that the pyroelectric detector element can be directly integrated with IC technology. A new technology for a thinner, unstretched film of pyroelectric polymer is desired for high responsivity, uniform imaging and creating a pyroelectric smart sensor. The VDFflrFE copolymer was reported to be pyroelectric without stretching [3]. This means that the VDFflrFE copolymer is a suitable candidate for an imaging sensor.
Unfortunately, the substrate influences the voltage sensitivity of the pyroelectric detector. In literature, the effect of the substrate on the voltage sensitivity of the pyroelectric detector has been studied [4]. The numerical solutions demonstrated that the voltage sensitivity of a thin pyroelectric detector on a substrate is lower than that of a thicker detector.
The VDF/TrFE copolymer is deposited on a silicon substrate that will contain the readout electronics. The advantages of this pyroelectric smart sonsor are ease of manufacturing and a large signal to noise ratio. A disadvantage is the decrease of sensitivity due to the silicon substrate. To diminish this disadvantage one must carefully design the pyroelectric sensor, in which the thicknesses of the VDFflrFE copolymer, the silicon substrate, the thermal isolation and the electrodes must be considered. (5) for the case of the pyroelectric sensor that consists of five layers. Using data of the material parameters of the pyroelectric sensor as shown in Table 1 , one can calculate the complex coefficients A, and B, as a function of frequency, by using gaussian elimination.
The spatial average of the temperature in the pyroelectric layer f is:
where the coefficients 4 and B, are a function of frequency, and can be calculated from Eq.(5).
The outwt current
If the pyroelectric coefficient is p and the area of the pyroelectric sensor A, the temperature change will produce an alternating charge PAT, hence a current p A bTl6t.
Using Eq (6), the output current is found to be ( 4 (eaz*-1 ) + B2 ( 1 -e-"*) )
In the next simulation, the incident radiation power per unit area P, is 1 mW/mm2.
The influence of the thickness of a VDFlTrFE coDolvmer film
A model of a single VDFflrFE copolymer pyroelectric sensor consists of 600 nm thick aluminium electrodes, a 1 gLm thick SO, and a 0.5 mm thick silicon substrate.
The thickness of the VDFflrFE wpolymer is varied in the simulation: (a) 1 pm, (b) 10 pm, (c) 100 prn and (d) 1 pm without silicon substrate. Figure 1 shows the Output current as a function of the frequency. It is found for the pyroelectric sensor with silicon substrate ( see lines (a), (b) and (c) of figure 1 ) that the current is constant below a certain frequency i.e. 20 Hz for the 1 pm film. For a much thicker film, this frequency is lower. Below this frequency, the influence of the silicon substrate is noticeable. The current increases in proportion to frequency at much higher frequencies and it achieves a maximum at a frequency in which the thermal diffusion length equals the thickness of the film at that particular frequency, i.e, 34 kHz for the 1 pm film. From the maximum frequency the heat does not fully penetrate into the VDFnrFE copolymer. Therefore, in that region the current decreases with increasing frequency. 
The VDFffrFE coDolvmer thermal Isolation
An additional VDFffrFE layer has been deposited between the back aluminium electrode and the silicon dioxide. This additional layer serves only as a thermal isolation. Therefore, it has not to be pyroelectric. Figure 3 shows the effect of the thickness of the additional VDFffrFE copolymer on the output current. A model of the pyroelectric sensor consists of 600 nm thick aluminium electrodes, a 1 pm VDFffrFE copolymer, a 1 pm thick SiO, and a 0.5 mm thick silicon substrate. The thickness of the additional VDFnrFE copolymer is varied in the simulation: (a) 1 pm, (b) 10 pm, (c) 100 pm. It is found that the frequency in which the output current achieves its maximum is still about 34 kHz for any thickness of the additional copolymer. The additional copolymer improves the output current of the sensor, but the output current is still below that of the sensor without the silicon substrate (see line (d) of figure 3) , especially in the low frequency range. The influence of the silicon substrate cannot be neglected. The silicon dioxide contributes not only to the total electrical capacitance of the pyroelectric sensor but also ta the total thermal capacitance of the sensor. Figure 4 shows the effect of the silicon dioxide on the output current of the pyroelectric sensor for the cases: (a) a 0.1 pm SiO, layer, (b) a 1 pm SiO, layer, (c) a 10 pm SO, layer. The other parameters of the sensor are 600 nm electrodes, a 4 pm VDFlTrFE copolymer and a 0.5 mm silicon substrate. It has been found that the influence of the silicon dioxide on the output current of the pyroelectric sensor is small. The variation of the electrical capacitance, which is due to the thickness of a SiO, layer, is a factor IO0 froin 0.1 to 10 pm SiO, layer if the area of the pyroelectric sensor is constant.
The influence of the aluminium electrodes
The thickness of the electrodes, especially the front electrode, influences the output current of the pyroelectric sensor for high frequencies ( above 1000 Hz), as shown in Figure 5 . Here, line (a) shows the pyroelectric sensor with a 600-nm aluminium front electrode and line (b) shows the pyroelectric sensor with a 100-nm aluminium front electrode. The other parameters of the pyroelectric sensor are a 4 pm VDFRrFE copolymer, a 1 pm thick SiO, and a 0.5 mm silicon substrate. The pyroelectric sensor with thin electrodes has the best response. Therefore, the electrode layers should be as thin as possible, especially the front electrode.
Noise sources
There are several noise sources in the pyroelectric sensor. The most important are: Johnson noise, thermal fluctuation noise and dielectric loss noise. From the calculation, it is found that the dielectric loss noise dominates the noise sources. This conclusion has been verified by the measurement values as shown in figure 6 . Figure 6 shows the current noise of a single pyroelectric sensor as a function of frequency (calculated value for the broken line and measurement values for the dashed line). It is found that the total current noise increases with increasing frequency, according to the nature of dielectric loss noise. 
Conclusions
The influence of the silicon substrate is measurable at low operation frequencies. The electrodes should be made as thin as possible, especially the front electrode. The silicon dioxide substrate hardly influences the output current of the pyroelectric sensor. Improvement of a pyroelectric sensor can be obtained by : (a) etching the silicon substrate under the sensor element, and (b) an additional VDFITrFE copolymer as thermal isolation. The best improvement is obtained by etching the silicon substrate. The dielectric loss noise dominates the noise sources. The current noise increases with increasing frequency.
